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ABSTRACT
Existing work has noted three major, radar-derived, storm modes associated with
tornadoes: supercell, quasi-linear convective systems, and tropical systems. I examine
the long-term frequency and seasonality of each storm mode between 1996 and 2017 in
the Southeast United States. The Southeast is chosen as a focus for this work due to its
well-known and unique combination of tornado vulnerability and exposure. Expanding
our knowledge of the radar presentation of tornado-producing thunderstorms in this
region could assist in the operational interpretation of these events. In this study, a
climatology of F/EF1+ tornadoes (1996 - 2017) is generated for the study area (Alabama,
Arkansas, Florida, Georgia, Louisiana, Mississippi, North Carolina, Oklahoma, South
Carolina, Tennessee, and Texas). Tornado counts are then averaged by state from the
overall tornado dataset and by storm mode. Finally, the hourly, seasonal, and annual
distributions of all tornadoes and tornadoes by storm mode are determined. These results
will help in determining the frequency of different storm modes, help the forecasting of
tornado events through radar analysis, and help us have a deeper understanding of
tornado climatology in the Southeast.
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CHAPTER 1. INTRODUCTION
1.1. Purpose
Tornadoes are defined as columns of violently circulating air below a
thunderstorm that touch the ground. The extreme winds associated with tornadoes can
produce devastating effects to objects in their path. The colloquial belief that tornadoes
only affect the Great Plains of the Conterminous United States (CONUS; also known as
“Tornado Alley”) during spring tornado season in the late afternoon is prevalent, but not
entirely true. Indeed, recent research has shown one of the regions most vulnerable to
tornado impacts is the Southeast region of the United States, which will herein be
referred to as the Southeast (e.g. Concannon et al. 2000; Boruff et al. 2003; Ashley 2007;
Ashley et al. 2008; Garner 2013). This region has become more vulnerable to tornadoes
in recent years due to recent population growth, an increase in housing density (both
mobile and permanent homes), a population shift to coastal urbanized regions (Boruff et
al. 2003, Ashley 2007), and other socioeconomic considerations (Ashley 2007). The
Southern US (which contains the Southeast CONUS) has the largest population out of all
four census regions, accounting for 38% of the total population (Bureau) . Because of
these interconnected issues, the Southeast CONUS experiences the most tornado fatalities
of any region in the CONUS (Ashley 2007), and projected population growth suggests
that this will continue in the future.
While total tornado counts have been analyzed in comparison with other regions
of the US in the past (e.g., Guyer et al. 2005; Dixon et al. 2010; Grams et al. 2012;
Coleman and Dixon 2014), little research has evaluated tornado count by storm
morphology (e.g., Smith et al. 2012, Ashley et al. 2019), and no studies have specifically

focused on the Southeast CONUS. The Southeast is an important place to analyze
tornadoes because of its unique superposition of tornado risk and vulnerability. Tornado
risk is driven by environmental conditions in this region that frequently support tornadoes
(e.g., moisture, instability, lift, and wind shear (McNulty 1995);(Brooks et al. 1994;
Brooks et al. 2003)) at all times of the day (Ashley et al. 2008). This risk, in addition to
the aforementioned considerations that cause increased vulnerability, produce particularly
devastating impacts when tornadoes occur. For example, from April 25-28 in 2011, 351
tornadoes occurred in Alabama, Arkansas, Georgia, Mississippi, and Tennessee killing
338 people. Two large reasons the fatality rate was so high was because of the
occurrence of night-time tornadoes, and many residents only having the ability to shelter
in mobile homes (Center of Disease Contorol 2012).
Past studies (Fawbush et al. 1953; Miller 1959; Agee and Jones 2009) classified
tornadoes into three categories: supercellular, quasi-linear convective systems (QLCS),
and other systems, consisting of miscellaneous sub categories dependent on regional
climatology. In this study, I create a climatology of tornado-producing storm types in the
states of Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, North Carolina,
Oklahoma, South Carolina, Tennessee, and Texas between 1997 and 2017. Only those
tornadoes with a magnitude of at least F/
F/EF1 are considered, and the storms associated with these tornadoes are
categorized into the three aforementioned categories.
1.2. Objectives
Frequency and distribution of each storm mode will be analyzed, specifically
determining the likelihood of a storm morphology to occur at a given time of year,
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season, and hour. An analysis will then be done determining which type of storm mode is
more likely to occur in a given state. Examining the temporal frequency of all tornadoes
will help determine if there has been a change over time in the amount of tornadoes in the
Southeast region, and dividing this into separate storm morphologies will help determine
which type of storm mode is more likely given time of the year and time of day.
Understanding tornado counts and the storm modes associated with these counts
through the analysis of Doppler radar imagery can help improve our understanding of the
frequency of different types of tornado-producing storm morphologies. There are
multiple objectives in this study as follows:
•

To analyze whether all tornadoes are increasing with frequency and magnitude
annually, seasonally, and hourly.

•

To analyze whether tornadoes by storm mode are increasing with frequency
and magnitude over time annually, seasonally, and hourly.

•

To determine if tornadoes overall and by storm mode are more likely to occur
during the day or night (0100 – 1259, 1300- 2359 CST).

•

To count how many tornado days are in each state overall and by storm mode.
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CHAPTER 2. BACKGROUND
Three major storm modes that produce tornadoes in the eastern CONUS have
been identified within the literature, namely: 1) supercell, 2) quasi-linear convective
system (QLCS), and 3) tropical cyclone (Fawbush et al., 1953; Agee and Jones 2009).
Tropical cyclone storm mode is considered in this study because of the focus on the
southeast CONUS (Figure 1).

Figure 1. Study region.
2.1. Climatology of Storm Modes
2.1.1. Supercell:
A supercellular thunderstorm is a thunderstorm with a rotating updraft (i.e.,
mesocyclone) (Agee and Jones 2009). These types of thunderstorms produce most of the
tornadoes in the CONUS (Smith et al. 2012). In addition to the ingredients necessary for
thunderstorm formation (e.g., moisture, instability, and lift) (McNulty 1995), supercell
development requires significant wind shear. Moller et al. (1994) noted that supercell
tornado environments in the Southern Plains of the CONUS exhibit a conditionally
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unstable temperature lapse rate with a pre-storm inversion. The “potential” buoyant
energy provided by these types of thermodynamic environments is typically reported as
CAPE (convective available potential energy), where higher values denote more instable
conditions (Moller et al. 1994). This type of tornado typically forms where vertical wind
shear surfaces in an area where a warm and cold front intersect and proceed move
parallel to the low level boundary (Maddox et al. 1980)
Supercellular tornadoes are usually a single continuous cell, wide in shape, travel
longer distances, and move at a faster rate compared to the other tornado storm modes
(Fawbush et al., 1953, Moller et al. 1994). These can form any time of day, and range
from an F/EF0 to an F/EF5. On Doppler radar, supercells often exhibit a “hook echo”
(Agee and Jones 2009) that is often co-located with a low-level mesocyclone, funnel
cloud, or tornado. The widespread implementation of Doppler radar in the 1990s allowed
meteorologists to explicitly identify areas of rotation (Crum et al. 1998). Figure 2a is an
example of the radar reflectivity associated with a supercellular storm shown on Doppler
radar.
2.1.2 Quasi-Linear Convective Systems (QLCS):

A QLCS is an elongated convective system that can occur under a broad spectrum
of environmental conditions. These tornadoes have a large CAPE value, and a moderate
low to mid level wind shear (Weisman and Trapp 2003). Sometimes, QLCS tornadoes
develop in an environment with strong external forcing, and sometimes develop by the
growth of a single cellular event (Ashley et al. 2019). Cold pools, which are pools of air
cooled by rain, feed back convection, creating new convention at their edges resulting in
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tornadic activity (Jeevanjee, 2016), also govern the movement of QLCS events (Weisman
and Trapp 2003).

The QLCS tornado type usually has a short narrow path, and travel at a longer
than average duration (Fawbush et al., 1953, Trapp et al. 2005, Weisman and Trapp
2003). The formation of these tornadoes occurs during the afternoon, and ranges from an
F/EF0 to F/EF5, but are typically under an F/EF4 in magnitude. QLCS tornadoes on
Doppler radar appear either as squall lines or bow echoes. Figure 2b is an example of a
bow echo, the radar presentation of a QLCS.
2.1.3 “Other” tornadoes according to Agee and Fawbush:
Type three tornadoes are the “other” category. Originally, type three tornadoes
were defined as cold moist air from a maritime-polar cold front trailing behind squall
lines (Fawbush et al., 1953). However, according to Agee and Jones (2009), there are
multiple sub classifications of type three tornadoes. There are some tornadoes that are
formed by cumuliform clouds with intense local updraft, some tornadoes form by
convective instability due to cold air, and some are due to inertial instability created from
a thunderstorm gust front. There are also tornadoes that are anti-cyclonic vortices formed
by being close to strong cyclonic tornadoes, as well as tornadoes formed from the high
shear zone of the hurricane eye wall (Agee and Jones 2009). Although initially including
gustnadoes, these types of tornadoes are not archived enough to include in a classification
(Agee 2014). In this study, I will not be following the type three classifications of Agee
or Fawbush. Instead, because this study is interested in analyzing tornadoes that occur in
the Southeast, the third type of tornado will be tornadoes formed by tropical cyclones.
6

2.1.4 Tropical cyclone induced tornadoes:

The Southeast is prone to tropical cyclone landfalls, and some of these tropical
systems produce tornadoes (Edwards 2012). The tornadoes tend to occur in the right front
quadrant of a tropical storm because of increased vertical wind shear and helicity
(Schultz and Cecil 2009). According to Agee and Jones (2009), tropical cyclone
tornadoes can fall into any category of synoptic type depending on their formation and
location within the tropical cyclone. Supercellular tropical cyclone tornadoes are
typically in the right-front quadrant, and have low-level shear and large ambient vertical
vorticity. Tropical cyclone tornadoes are usually smaller in size, magnitude, and are
short lived (Edwards 2012). For the purpose of this study, tropical cyclones are in there
own category as induced tornadoes are different from the general formation and life of a
supercell tornado. It is important to note that most tropical cyclone induced tornadoes
typically have an F/EF0 magnitude (Edwards et al. 2013), although these are excluded
from my analysis. Figure 2c is an example of a tropical cyclone presentation on Doppler
radar.

Tropical cyclone tornadoes are important to analyze in the Southeast because they
are dangerous and costly. Out of 68 tropical cyclone events costing more than a billion
dollars, 23 events were from hurricanes, and 7 were from severe weather. An example of
a hurricane inducing a significant amount of tornadoes is 2005 Hurricane Rita. Rita
produced at least 90 tornadoes in Alabama, Mississippi, Louisiana, and as for north as
Arkansas, cost greater then 8 billion dollars, and had over 119 fatalities (Lott and Ross,
2006).
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Figure 2. Radar image examples of storm modes, namely: (a) Supercell, (b) QLCS, (c) Tropical
Cyclone
2.2. Seasonality of Tornadoes
Tornado climatology shows much seasonal variability, with most tornadoes
occurring the Southeast in the fall, winter, and early spring (Grazulis 1993). Although
there is no official tornado season, the 6 months with the most tornado activity in the US
are January, February, April, May, September, and October (Brooks et al. 2014). This
means there is an active month for tornadoes in 3 out of 4 climatological season (DJF,
MAM, JJA, SON). Tornado fatalities are lower during active months of May and June
while higher between the months of November and April (Simmons and Sutter 2008).
There are more tornadoes in the Southeast during winter and transition seasons (
Galway and Pearson 1981; Brooks et al. 2003, 2014; Guyer et al. 2005). A total of 68%
of all US winter tornadoes occur in the Southeast due to atmospheric instability and high
vertical wind shear during winter that are associated with tornadoes producing above an
F/EF2 in magnitude (Galway and Pearson 1981; Guyer et al. 2005;Thompson and Grams
2008). These tornadoes are associated with a dew point of 65 degrees Fahrenheit or
greater, a south/southwest 850 millibar low-level jet, and are within or along a warm
8

front ahead of a low pressure system (Guyer et al. 2005). An environment of low shear
and high CAPE values are also conducive for the formation of winter time tornadoes
(Sherburn and Parker 2014). This type of environment causes for tornadoes to be smaller
in size both vertically and horizontally, and are usually formed by a QLCS (Davis and
Parker 2014). In the winter environment, the high CAPE values are lower than the CAPE
values in warmer seasons, and larger helicity values (Beal 2007). These winter tornadoes
tend to occur over night (Fike, 1993).
The majority of cellular tornadoes occur in spring and summer. QLCS tend to
occur in the fall and spring at an almost equal amount. The number of superccellular and
QLCS storms in spring and winter are generally equal (Thompson et al, 2008).
2.3. Dixie Alley Vs. Tornado Alley
The states in the vicinity of the Southeast are an interesting place to study
tornadoes due to recent research (Dixon et al. 2010; Gagan et al. 2010) showing that
tornadoes may possibly be geospatially shifting from “Tornado Alley” (containing the
states of Texas, Oklahoma, Nebraska, and Kansas) to “Dixie Alley” (containing the states
of Arkansas, Louisiana, Alabama, Mississippi, Georgia, and parts of Tennessee).
According to Gagan et al (2010), Dixie Alley is overlooked due to media interest in what
is considered the most dangerous places in the US, and assuming that the only place at
risk of tornadoes are in Tornado Alley. However, analyzing tornadoes from 1992 to
2011, F/EF2 to F/EF5 tornadoes make up 8.8 % of Great Plains tornadoes while 12.8% of
tornadoes are located in the Southeast (Coleman and Dixon 2014). Also, when analyzing
regional maximum tornado density, maximums were found in the Deep South through
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the Great Plains, with the highest tornado density occurring in Mississippi and northern
Louisiana (Dixon et al. 2010).
Examination of the monthly frequency of strong and violent tornadoes, there is
more likelihood of a strong tornado to occur in Dixie Alley during winter than in Tornado
Alley, agreeing with literature previously mentioned in seasonality. For months besides
May and June, the difference in the amount of tornadoes that occur in each region is
insignificant. The study also concluded that there is about a 50% greater risk of a tornado
to occur during the night hours in Dixie Alley than it is in Tornado Alley (Gagan et al.
2010)
2.4. Nocturnal Tornadoes
Nighttime tornadoes in the Southeast are a common occurrence that can leave
populations vulnerable. Fatalities are significantly lower for tornadoes between the day
time (0600 – 1759 local times) then at night (1800 – 0559 local time) (Simmons and
Sutter 2005). Between 1985 and 2005, 26% of all tornadoes occurred at night, causing
43% of all tornado fatalities (Ashley 2007). The reason nocturnal tornadoes are prevalent
in the South is because of a lower mixed layer CAPE values combined with storm
relative helicity. This promotes cyclonic activity, and with enough wind shear, able to
generate tornadic activity (Davies and Fischer, 2009). While only over 2.0% of all
daytime tornadoes are killer events, 3.9% of nocturnal tornadoes are killer events due to
persons asleep are unaware of environmental cues ( Hayden et al. 2007; Ashley et al.
2008).

10

CHAPTER 3. DATA AND METHODS
3.1. Data
The Storm Prediction Center (SPC) provided data used for this research
(SVRGIS). These data are available for the years 1951 to 2017 for the entire United
States with tornado magnitudes between F/EF0 and F/EF5. F/EF, or the Fujita and
Enhanced Fujita scale, measures tornado intensity based off of the amount of wind
damage the tornado causes to man-made infrastructure (Doswell et al. 2009). When the
F-scale was first developed in 1971, the only infrastructure used to determine the amount
of wind damage was “well built homes”. More damage assessments were analyzed and
in 2007, the more accurate model EF was adopted (Edwards et al. 2013). These data were
then limited to 1996-2017 in the Southeast, and only included tornadoes with a
magnitude between F/EF1 and F/EF5. I truncated the database to this period because of
improvements in radar imagery with the nationwide installation of the Next Generation
Radar (NEXRAD) with a WSR-88D system (Weather Surveillance Radar 1988 Doppler)
in the mid 1990s (Simmons and Sutter 2005). This advanced technology included a new
storm cell identification tracking algorithm as well as a new tornado detection algorithm
(Johnson et al. 1998). Also, the SPC tornado database had seen a major increase in the
number of reported tornadoes per year since the 1950s (Coleman and Dixon 2014). This
is due to technological advancements, as well as larger populations moving towards the
south with people having the ability to report tornado findings. F/EF0 tornadoes, the most
prominent tornado magnitude in the SPC database, were also eliminated when truncating
the data. This was because they are less destructive storm systems to both building
structures and human life, only accounting for 1.2% of all tornado fatalities between 1973
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and 2010 on the EF scale (Fuhrmann et al. 2014). When the data were truncated, there
was 5,340 storms to analyze between January of 1996 and December of 2017. In total,
2,590 (48.5%) of the tornadoes were supercellular, 2,354 (44.1%), were QLCS, and 396
(7.4%) were induced by tropical cyclones.
Data used to analyze the El Niño Southern Oscillation (ENSO) compared to
tornado activity came from the National Climate Center at the National Weather Service.
The data used in this analysis was the Oceanic Niño Index (sea surface temperature
anomalies) of the Niño 3.4 region, which we will abbreviate to the ENSO index. This
index was used as it is one of the only indices to provide seasonal information of sea
surface temperature changes in the South Pacific. The reason for comparing ENSO to the
frequency of tornadoes is to determine if there is a direct correlation between tornado
frequency ENSO. This therefore can help us understand is teleconnections play a role in
tornado frequency.
3.2. Methods
Doppler radar images are helpful for determining the difference between
supercellular, QLCS, and tropical cyclone formations. When examining supercellular
storms, multicellular and discrete cells were also put into this category. This is because
there was no use of vorticity data necessary to determine the nuanced differences
between multi, discrete and supercellular tornadoes, as this study’s purpose is to analyze
tornadoes by storm mode through the interpretation of radar imagery. When the radar
presentation was in the shape of a bow echo, or multiple small bow echoes spread apart,
the tornado was classified as a supercell. Determining QLCS tornadoes was
accomplished by examining if the tornado was located in a bow echo or squall line. The
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process of identifying tropical cyclone tornadoes did not so rely on the SPC tornado
database. First, each tropical cyclone report from the National Hurricane Center was
examined and the dates of the tropical cyclones were cross-referenced with the dates in
the SPC tornado list. After the dates were aligned, each tropical cyclone report was read
to find instances of tornado activity. If the report mentioned tornado activity with a given
location, the storm was added to the tropical cyclone classification. To improve
accuracy, if the tropical cyclone report did not mention tornadoes, each tropical cyclone
track was compared to the date and time of tornado activity.
Once the typing was complete, ArcGIS and R were used to visualize results. The
first step was to compute the descriptive statistics of all storm modes to create a time
series using Microsoft Excel. ArcGIS was used to create a map of the region of study,
map the starting points of each tornado event, and map hot and cold spots of tornado
activity (also known as the Getis-Ord Gi*). ArcGIS was also used to create maps
highlighting seasonal variation geospatially, and to make graphics for the average amount
of tornadoes per state overall and by storm type. After this, descriptive statistics were
calculated and analyzed in R to determine the number of tornadoes by storm mode that
there were in the data set. Similar to time series results in Grams et al. (2012). The first
time series was for annual data overall and by storm, then these tornadoes were broken
down into climatological seasons. These data were then analyzed by hour to determine
whether daytime or nighttime produced more tornadoes.
A statistical analysis was done using Moran’s I, Getis-Ord Gi* statistic, Mann
Kendall trend test, Spearman correlation, and the Chi Square test. To examine spatial
clustering, a Moran’s I test was conducted by using ArcGIS. This test was chosen
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because it is a spatial autocorrelation test, determining whether the data is clustered or
randomly dispersed. Moran’s I is a global autocorrelation test, therefore the Getis-Ord
Gi* statistic was used to analyze hot and cold spots in the region of study. When
examining the yearly data set, a Mann Kendall trend test was run using the Kendall
Package in R to determine if there was a significant relationship between year and count
by storm mode. A Mann Kendall test was chosen due to the non- nature parametric of
the data, which was tested using a Shapiro Wilks test. A Spearman correlation was then
ran to determine the strength of the relationship between the ENSO index and tornado
count. The spearman test is a test is used to test monotonic relationship with nonparametric data. A chi-square test was then implemented to determine the significance of
the relationship between hour of day and tornado count by storm mode.
The Global Moran’s I index (also known as the Moran’s I test) is a spatial
autocorrelation test that measures the similarity and of objects surrounding each other, in
this case objects representing tornado starting points. The assumption of this test is that
Moran’s value is 0, meaning no spatial correlation exists. When examining the Moran
values, also called p values, -1 indicates perfect dispersion between values, while values
of +1 indicate perfect clustering (Dixon, 2014).
Given incident points (the starting point of each tornado), the optimized hot spot
analysis tool in Arc GIS was used to create a map to spatially visualize statistically
significant hot and cold spots using the Getis-Ord Gi* statistic. Each start point of a
tornado is examined as a feature in the data set and then analyzed in terms of its
neighboring feature. The output of the hot and cold spot analysis is a given as a Z value.
The positive and large Z value represents regions of hot spots while a negative and
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smaller Z value means a more clustering of low values, meaning an avoidance of an area,
or statistically significant dispersion. A score close to 0 means there is no apparent
clustering, or random scattering (Dinku, 2012).
The Mann Kendall’s test is a trend test comparing the strength of two vectors
based on the Kendall rank correlation. The Mann Kendall test is specifically used to look
at an environmental time series. Tau represents the rank correlation coefficient, where

Tau = S/D and D = n(n-1)/2 (McLeod, 2015). The null hypothesis of the Mann Kendall
Test is that there is no trend. This test will be used to evaluate the annual trend of
tornadoes by storm mode (Kendall).
The Spearman correlation test is a nonparametric ranking test used to examine the
statistical strength between paired data. It also tests the strength and direction between
two variables (spearman). The null hypothesis of the Spearman correlation test is that rho
= 0, meaning there is no correlation. In this study, the ENSO index provided by the
Climate Prediction Center at the National Weather Service was compared to tornado
counts. The data was divided by year, with a value for each season (DJF, MAM, JJA,
SON). This is because the ENSO index is calculated tri monthly.
The chi-square test is (also known as the Pearson chi- square test) is a nonparametric test used to examine the statistical significance between the expected and the
observed frequency of a variable. For this study, the chi square value was used to
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analyze the hourly tornado count data to determine if there was a diurnal pattern. The
formula for calculating the chi-square is as follows:

where O is the observed values or tornado count, E is the expected values, X2 is the
square value, and C is the number of cells, or in this case the number of hours in a day.
The assumption of this test is there is no statistical significance between the observed and
expected frequency (McHugh 2013) To complete a chi-square test, the data had to be first
separated into bins, each bin being a total of tornado counts for every 6 hours, thus
totaling to 4 bins. Analyzing every 6 hours is beneficial to examining diurnal patterns as
it leaves results for early and late morning, as well as early and late evening. These hours
were converted from UTC to CST and were analyzed from hour 1 – 24. The data were
then divided into the three separate storm modes. An expected value for each storm
mode was then calculated by dividing the total amount of tornadoes per storm mode by
24 hours. With the expected value and the calculated total counts, Statistix was used to
run a regression and develop the following results.
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CHAPTER 4. RESULTS AND DISCUSSION
This chapter determines if trends exist over time in tornadoes, to see if tornadoes
favor a particular seasonality, and analyze if there is a significant diurnal distribution.
The following results look both at all tornadoes and tornadoes in there three
classifications.
4.1. Count Average Region and by State
Figure 3 depicts the location of the starting point of every tornado to occur from
1996 to 2017 by storm mode. Supercellular tornadoes have clusters in the center of
Oklahoma and Arkansas and are more evenly spread out within the rest of the Southeast.
QLCS tornadoes have small clusters located in Mississippi, Alabama, and Tennessee.
There are less supercellular and QLCS events located in western Texas, but there are
more small clusters of QLCS events occurring in Mississippi, northern Alabama, and
Arkansas. Tropical cyclone tornadoes tend to be located on the coast of the Atlantic and
Gulf of Mexico, in the Carolinas, and some clusters along Mississippi and Louisiana.
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(b)

(c)

Figure 3. Spatial distribution of different storm modes from 1996-2017. (a)
Supercell, (b) QLCS, (c) Tropical Cyclone
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To see if clustering was statistically significant, a Moran’s I was performed on
each type of storm mode. P values indicate that we accept the null hypothesis, and the
tornado events were dispersed randomly. All values in the Moran’s I concluded that
there was no significant correlation with any of the storm types.
Table 1.1. Moran’s I values by storm mode
Storm Mode
Supercell
QLCS
Tropical Storm

Observed
-.0015
-.0023
-.0396

Expected
-.0003
-.0004
-.00025

P Value
1.66e-5
3.95e-13
2.48e-117

The Moran’s I test show that the data was dispersed randomly, so a Getis Ord Gi*
statistic was used to plot statistically significant regions of hot (high Z score), cold (low Z
score) spots, and spots of statistical insignificant for the total set of tornadoes, supercell
tornadoes, and QLCS tornadoes. There was not enough data points in the region of study
to statistically determine the hot and cold spots of hurricane induced tornadoes, but it is
safe to assume hurricane tornado hot spots are located in coastal areas.
For the total amount of tornadoes, there are 4 large areas of hotspots in South
West Texas, Central Arkansas, Southern Mississippi, and Central Florida. There a
smaller hot spots in Northern Alabama. Cold spots were located in Northern South
Carolina and Western Georgia. For in depth review, a map was made for just supercell
and QLCS tornadoes. Clusters of supercell tornadoes appear in Arkansas Tennessee,
Oklahoma, and southern Florida while clusters of QLCS were in Southern Texas,
Mississippi, and northern Alabama.
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(a)

(b)

(c)

Figure 4. Hot and Cold Spot analysis (Getis Ord Gi* Statistic). (a) Total,
(b) Supercell, (c) QLCS
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An analysis was conducted to determine the average of tornadoes to occur in a
given state in the Southeast by using a chloropleth map, a map using different colors to
show a range of averages (as seen in figure 5). Texas had the highest number of
tornadoes, with an average of 38 tornadoes per year, while the least were in South
Carolina with only 11 tornadoes per year. It is important to note that the data were not
adjusted for area and therefore Texas having the largest average of tornadoes is partially
due to its large size. Table 1.2 takes the size of states per square mile into account.
States like Mississippi and Alabama have the second and third highest averages of
tornadoes and are smaller in area. While all chloropleth maps represent the exact number
of events to occur, table 3.2 represent the values of tornadoes occurring while accounting
area in square miles of each state.

.

Figure 5. Chloropleth map of overall tornado averages by state

After examining total tornado counts in each state, these counts where then
analyzed by storm modes (Fig. 6). When analyzing supercell versus QLCS tornadoes,
there are more instances of supercell overall, but some states have a higher annual
average of QLCS tornadoes. Supercell tornadoes show a west to east gradient, while
21

QLCS is concentrated in the center of the study region. Namely, averages for
supercellular tornadoes are higher in Texas, Oklahoma, Tennessee, and North Carolina,
while, there were higher averages for QLCS tornadoes in Louisiana, Mississippi,
Alabama, and Georgia. It appears more northern and western states tend to see more
supercellular storms while the states bordering the Gulf of Mexico are more likely to
have a QLCS tornado.
Tropical cyclone tornadoes only represent 7% of all tornadoes, and therefore the
average count by state is low. The states of Oklahoma and Tennessee have an average of
0 tropically induced tornadoes per year, while South Carolina has an average of 3 and
Florida has an average of 4. The remaining states experience 1 or 2 tornadoes per year,on
average. It appears that tropical cyclone tornadoes show an east to west gradient.

(a)

22

(b)

(c)

Figure 6. Chloropleth maps of state tornado averages by storm mode. (a)
Supercell, (b) QLCS, (c) Tropical Cyclone
To account for the size of every state, an adjustment was done to determine the
frequency of tornadoes in each state. As seen in table 1.2, since the size of Texas was 8
times the size of the smallest state in the Southeast, and there for had a lot less tornado
activity in terms of size. South Carolina has the most activity in terms of land area,
followed by Tennessee and Georgia. This was the same result for super cellular activity,
but different for QLCS and tropical storms. QLCS were shown to have more prominent
activity per square mile in South Carolina, Tennessee, and Arkansas, while there was
more tropical storm activity in South Carolina, Mississippi, and Arkansas.
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Table 1.2. Tornado count by state, adjusted by square mile

4.2. Annual
Figure 7 shows the temporal trend of overall tornado counts between 1996 and
2017. The average amount of tornadoes in the study region in a given year is 243, but the
year 2011 doubles this average with 486 storm events. The year with the lowest number
of events was 2002 with only 132 events. Years with an elevated number of events were
2008, 2011, and 2017.

Figure 7. Annual tornado count from 1996 -2017
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When analyzing tornado annual counts by storm mode, supercells were the most
frequent with 12 out of the 22 years, while QLCS were most frequent in 9 of the 22 years.
The only year to have an equal amount of supercell and QLCS tornadoes was 2009.
Recent years show that QLCS tornadoes have shown an increasing trend (refer to table
2.2). During years of large tornado activity since 2007, there is a stronger likelihood of a
QLCS tornado occurring more often then a supercellular. Figure 8 shows these changes
in storm mode annually.

Figure 8. Annual tornado count by storm mode from 1996 -2017
Tropical cyclone tornadoes are strongly dependent on whether there is a strong
hurricane season. Whether hurricane season is active or not is modulated on the El Niño
Southern-Oscillation (ENSO)(Tang and Neelin 2004). During La Niña years, there is a
stronger likelihood of an active hurricane season, due to warm temperatures spreading
eastward from the pacific. Warm temperatures and warm sea surface temperatures in the
Pacific Ocean are a perfect combination for an active hurricane season (Tang and Neelin
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2004) . In total, tropical cyclone tornadoes only account for 7 % of the data set. However
in the years of 2004 and 2005, both above average hurricane seasons, tropical cyclone
tornadoes accounted for 34 % of tornadoes for the year.
To test whether the storm types had a statistically significant yearly trend, the
Mann-Kendall trend test was used. The trend test concluded, as can be seen in table 2.1,
that only QLCS tornadoes indicated a trend, as it was the only storm mode to have a P
value of less the .05. If Tau is positive, this indicates a positive trend, and if tau is
negative it indicates and negative trend. While supercell and tropical cyclone tornadoes
did not indicate a trend, QLCS tornadoes showed an increasing trend over time. This
increasing trend is most likely due to a significant increase in tornado activity in 2008,
2011, and 2017.

Table 2.1. Mann Kendall results when examining tornado count by storm mode and by year.
Storm Mode

TAU

P Value

Supercell

-.004

1

QLCS

.429

.005

Tropical Cyclone

-.04

.82
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Table 2.2. Number of events to occur each year and separated into storm mode.
It is possible that the years of 2008, 2011, and 2017 produced the greatest number
of events due to its correlation with ENSO. The ENSO index is the average sea surface
temperature every three months, where positive numbers represent El Niño conditions
while negative number represent La Niña The counts had to be analyzed by every 3
months to be able to compare to the index. In the year of 2008 and 2011, all 3-month
values in the ENSO index indicated that there were La Niña conditions, and 2017 had La
Niña conditions for in the winter, summer, and fall. It is not clear why there is annual
variability in tornado frequency, but according to Brooks, there is no evidence of a
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change in tornado days per year. However, there is an increase in the number of
tornadoes that occur in a given day, or a clustering of reports (Brooks et al. 2014).
Figure 9 shows how increases and decreases in the ocean temperature average
(ENSO Index) affects the amount of tornadoes in a given season (DJF, MAM, JJA, and
SON) by storm mode. In case of all tornado types, the largest amount of tornadoes to
occur in a season are during times of slightly colder then average temperatures, or in
times of La Nina (or below .5 on the ENSO index). However, it should be noted that
there are many instances of above tornado frequency to occur during a time of El Nino.

(a)
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(b)

(c)

Figure 9. ENSO Index vs number of events by storm mode and by season. Each
point represents (a) Supercell, (b) QLCS, (c) Tropical Cyclone tornadoes.
A Spearman correlation test was conducted to determine whether the correlation
between the ENSO index and the number of tornado events. All rho values indicate there
is no trend in ranks between the two variables, because all Rho values are almost 0.
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Table 2.3. Spearman correlation test results when examining ENSO index vs. the number of
storm events

Storm Mode

RHO

P Value

Supercell

-.0112

.9177

QLCS

.0056

.9585

Tropical Cyclone

-.1534

.1536

4.3. Seasonal
Research has shown that in the Southeast there is an increased tornadic activity in
fall and spring, but there is a likelihood that a tornado can occur at any time of year, with
the least amount occurring in August (Thompson et al. 2012, Long et al. 2018). Figure 9
shows tornado count seasonality. Summer (June, July, and August) has the fewest
tornadoes while spring (March, April, and May) has the most tornadoes, with half of all
tornadoes occurring at that time of year. Fall (September, October, November) and
winter (December, January, and February) have almost an equal number of tornadoes.

(a)

(b)

Figure 10. Seasonal tornado count from 1996 to 2017 by (a) overall count
and (b) by storm mode
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When analyzing the data by storm mode, supercellular tornadoes make up a large
portion of spring and summer months, while QLCS tornadoes make up a larger portion of
fall and winter months. A reason for QLCS tornadoes occurring more frequently in the
fall and winter is because of the season environmental condition consisting of richer
moisture in the troposphere with weak midlevel lapse rate (Rogers et al. 2017). Tropical
cyclone tornadoes tend to occur between June and November, with more occurring
during the second half of hurricane season between September and November.
When examining the spatial distribution of the seasonality of tornadoes by storm
mode, there are some spatial patterns to be recognized (Figure 11). During winter, both
QLCS and super cellular tornadoes tend to be centrally located in Louisiana, Mississippi,
and Alabama. During spring, there is more tornado activity occurring in Oklahoma and
Arkansas, as well as in Alabama and Mississippi. During summer, many tropical cyclone
tornadoes occur in the coastal states. In fall, there is more spatial variability of tornadoes
of all types, with many clustered in Louisiana, Mississippi, and Arkansas, having a
similar distribution as winter tornadoes. To determine if there was statistical significance
in the clustering of tornado events seasonally by storm mode, a Moran’s I test was
conducted. The test concluded that there was no statistical significance clustering based
on season, as all observed and expected values are near 0.

(a)

31

(b)

(c)

(d)

Figure 11. Seasonal tornado starting points for QLCS, supercell
and tropical cyclone tornadoes. A) DJF, B) MAM, C) JJA, D)
SON.
Table 3.1. Moran’s I test results for seasonal distributions.

Storm Mode
Supercell

Season
DJF
MAM
JJA
SON
QLCS
DJF
MAM
JJA
SON
Tropical Cyclone JJA
SON

Observed
-.0242
-.0011
-.0251
-.0130
-.0062
-.0092
-.0225
-.0506
-.0871
-.0340
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Expected
-.0023
-.0007
-.0054
-.0026
-.0017
-.0008
-.0133
-.0023
-.0072
-.0040

P Value
2.98e-56
.3185
2.39e-6
1.47e-10
1.72e-5
1.98e-60
.3199
1.34e-143
2.29e-72
1.12e-30

Figure 12 analyzes the monthly spatial distribution of tornado events by storm
mode, to get a more in-depth analysis of the climatological season distributions.

January

February

April
March

May

June

July

August
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September

October

November

December

Figure 12. Number of events categorized by month from 1996-2017
4.4. Hourly
There is a significant diurnal pattern in the overall hourly data, shown as a bell
curve in Figure 13. There are more then 300 events at every hour between 20 and 2 UTC
(Between 2 pm and 6 pm CST), with the least occurring at 14 UTC (8 am CST) with only
90 events. This shows that there are more occurrences of tornadoes in mid afternoon and
early evening, and less occurring in the night and morning. Tornadoes tend to occur in
the afternoon due to sun heating up the earth throughout the day. Heat in the ground and
atmosphere leads to conditions more conducive for convective activity. However, there is
still a significant amount of tornadoes at night with more then 100 events occurring at 23
out of 24 hours.
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Figure 13. Hourly tornado counts of overall data set in CST
Figure 14 shows a similar pattern between supercellular tornadoes and the overall
data set in figure 13. However, there is a difference between QLCS tornadoes and the
overall dataset, as QLCS tornadoes tend to occur at any hour of the day, while Supercell
tornadoes clearly favor the warmer portion of the day. QLCS tornadoes make up the
majority of nocturnal tornadoes between the hours of 2200 and 1200 CST. Although not
well study, it is theorized that a cooler nocturnal boundary layer interaction with a low
level jet increases QLCS activity (Trapp, 2005). Tropical storms appear to have less of a
diurnal pattern, occurring at hours when a hurricane is close to making landfall.
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Figure 14. Hourly tornado count data by storm mode in CST time.
A chi square test was conducted to determine if certain hours there was stastistical
significance with the amount of tornadoes occurring per hour. All storm modes showed
statistical significance with P values of 0. Supercell had the strongest correlation with
hour of day, having the highest Overall Chi Square value, followed by QLCS and tropical
cyclones.
Table 4.1. Chi-square values when examining tornado count by storm mode by hour

Storm Mode

Overall Chi Square

P Value

Supercell

803.74

> 0.001

QLCS

55.09

> 0.001

Tropical Cyclone

40.04

> 0.001
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Table 4.2. Hourly tornado data
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CHAPTER 5. CONCLUSIONS
5.1. Summary
This thesis analyzed tornadoes by storm mode in the Southeast United States from
1996-2017 to investigate the frequency of different tornado morphologies and location of
occurrences. While supercellular tornadoes are the most frequent tornado type, and most
frequent type in spring and summer, QLCS tornadoes occur more frequently in the fall
and winter, and during most hours of a day, specifically between 2200 – 1300 CST.
QLCS tornadoes also tend to occur in the center of the study area, concentrated in
Missisippi and Alabama., while supercells had an (increasing or decreasing) west to east
gradient. Tropical cyclone tornadoes only made up 7% of the data set, but were extremely
important in the analysis of the Southeast. During the years 2004 and 2005, two of the
most active hurricane seasons in recent history, tropical cyclone tornadoes made up more
the 34% of tornado activity, largely impacting many coastal communities.
While the dataset can be used for future analyses, there are limitations to address.
One limitation is that these three storm modes are not beneficial for use across the
broader U.S. Tropical cyclones are important to the climatology of the Southeast,
however most of the United States does not experience tropical cyclone activity. One
way to address this issue is to either remove the third storm mode or to instead add a new
storm mode that takes place throughout the entire country, such as clustered cells.
Clustered cells were not examined due only using radar imagery and not vorticity data,
leading to the next limitation of this dataset. All the data that was collected was by
analyzing radar images only. This was because this study sought out to only use visual
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interpretation of radar alone. For more objective results, vorticity data could be analyzed
to help determine supercellular versus QLCS storms.
This study is a starting point for future research on tornado storm mode analysis.
This study was done in the hope of helping future forecasters understand the variability of
tornado climatology when divided into storm mode. The more we continue to understand
tornado climatology, the safer our communities can be.
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